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ABSTRACT: Reconfigurable stimuli-responsive molecular materials play an important role in the fabrication of nanoscale systems 
and devices. Here we report a bottom-up strategy for the reversible assembly of single-walled carbon nanotubes linear junctions in 
solution. The assembly/disassembly of the nanotubes can be controlled via the intrinsic responsiveness to different stimuli of se-
quence-specific DNA linkers forming the junctions. 
Single-walled carbon nanotubes (SWCNTs) are nanomaterials of 
technological interest because of their nanoscale diameter and 
notable thermal, mechanical, and electrical properties.1,2 The con-
struction of junctions between SWCNTs3–7 has been investigated 
for the fabrication of nano-electronic devices,8–11 including the use 
of SWCNTs as nanoelectrodes in molecular transport junctions 
and single-molecule investigations.4,12–17 Different methods have 
been explored for junction formation;3,6,7,18 in this context, the con-
trolled assembly of linear (end-to-end) junctions through in-
solution approaches3,4,19–21 is particularly desirable for the low-cost 
(solution processable) fabrication22–24 of carbon nanotube-based 
devices.15,17 Nevertheless, while different technologically-relevant 
nanomaterials have been designed to respond to changes in the 
surrounding medium,25,26  the assembly of reversibly reconfigurable 
end-to-end SWCNT junctions in-solution has yet to be demon-
strated; this would allow the facile fabrication of carbon nanotube-
based stimuli-responsive molecular systems and devices. 
In this regard, DNA is an interesting bio-polymer for the imple-
mentation of dynamic behaviour in nano-mechanical 
architectures19,21 due to its well-known chemistry (i.e. several modi-
fications are available for the attachment of functionalities or nano-
particles) and the ability to act as an actuator that responds to a 
number of different stimuli, depending on its nucleotide sequence. 
Several studies reported the use of DNA as a molecular material for 
the construction of designed nano-objects27,28 or as a scaffold for 
the assembly of nanoparticles with precise spatial arrangement.29,30 
Furthermore, various response mechanisms to different stimuli 
were demonstrated to be available for the activation of the dynam-
ics of specific DNA sequences, including strand-displacement,31 
ligand-aptamer complex formation,32 non-canonical base-pairing,33 
and 3D motif formation (for example, G-quadruplex and i-
motif).34,35 
Herein, we present a strategy for the controlled assembly of stimuli-
responsive end-to-end SWCNT junctions in aqueous solution, 
employing DNA as a molecular linker: the dynamic behaviour of 
the junctions is controlled by the interaction of the DNA specific 
sequences with selected external stimuli. As a proof of concept, we 
fabricated linear assemblies of individual DNA-wrapped SWCNTs, 
by their end-functionalization with two partly complementary (vide 
infra) azido-modified single strands of DNA. The strands can hy-
bridize to form a partial duplex under neutral pH conditions, thus 
forming SWCNT junctions. The formed junctions were disassem-
bled by changing the pH of the solution from 7 to 5, via the for-
mation of a more stable i-motif structure at acidic pH, hence desta-
bilizing the DNA partial duplex linking the nanotubes. The indi-
vidual SWCNTs were then subjected to neutral pH, to restore the 
DNA duplex junctions, therefore demonstrating the reversibility of 
the system. Additionally, we extended the study demonstrating the 
construction of dynamic SWCNTs junctions that operate via the 
strand-displacement mechanism. The approaches developed in this 
study allowed us to obtain reconfigurable end-to-end SWCNT 
junctions, as indicated by morphological analysis [Atomic Force 
Microscopy (AFM)) and further supported by time-dependent 
fluorescence characterizations. The ability to switch the coupling 
between single SWCNT segments, forming individual junctions, is 
of great importance for their future implementation in nano- and 
molecular-electronic smart systems and devices.16,36–38 
HiPco SWCNTs were used in this study and were dispersed as-
purchased in aqueous solutions via DNA wrapping39,40 [see the 
Supporting Information (SI)]. The non-covalent wrapping of DNA 
around the nanotubes allows both the dispersion of the carbon 
nanotubes in biocompatible aqueous solutions and the protection 
of their side-walls, leaving the nanotube ends available for further 
functionalization.3,4,12,13 The starting DNA-wrapped SWCNTs had 
an average length of 131 ± 72 nm as determined by AFM analysis 
(for a representative image, see Figure S1 in the SI). The uncertain-
ty affecting the measured lengths of the nanotube nanostructures 
was estimated by the standard deviation (s.d.) values associated 
 with the length distributions, as they appear in the AFM analysis; 
this is reported for all distributions (average length ± s.d.). 
The solution containing the DNA-wrapped SWCNTs was mixed 
with methanol to a water-methanol 1:20 final ratio; this solution 
was divided in two aliquots, and while DNA sequence (1) was add-
ed to the first one, DNA sequence (2) was added to the second 
aliquot (all the DNA sequences used in this study are listed in Ta-
ble S1 in the SI). DNA sequences (1) and (2) are 5’-azido-
modified oligonucleotide strands that include in their sequences a 
cytosine (C)-rich or guanine (G)-rich domain, respectively, that 
are partially complementary to one another. In order to covalently 
functionalize the ends of the nanotubes with DNA, the two solu-
tions were UV-irradiated with a medium pressure immersion mer-
cury lamp (Photochemical Reactors Ltd) to promote the formation 
of reactive nitrene groups, which in proximity of the free-SWCNT-
tips form aziridine photoadducts by a cycloaddition reaction41–43 
(for a scheme of the reaction, see Scheme S1 in the Supporting 
Information). After centrifugal filtration to remove the unreacted 
excess of (1) and (2) and subsequent re-dispersion of the modified 
nanotubes in aqueous solution, (1)-functionalized SWCNTs, A1, 
and (2)-functionalized SWCNTs, A2, hybrids were obtained. This 
functionalization procedure generates SWCNTs that are covalently 
and region-specifically linked to the DNA strands: specifically, the 
SWCNTs carry single DNA molecules at the nanotube ends.4 
In order to quantify the amount of azido-DNA reacted with A1 and 
A2, the concentration of DNA in the filtered solutions was estimat-
ed by spectrophotometry: readings were taken at a wavelength 
equal to 260 nm. The initial concentration of both (1) and (2) in 
the solutions before irradiation with the mercury lamp was 2 μM, 
while the concentration of the removed, unreacted DNA in the 
filtered solution was found to be equal to 0.19 μM and 0.17 μM for 
(1) and (2), respectively (for the recorded spectra of the filtered 
solutions, see Figure S2 in the SI). Although most of the DNA 
seemed to have reacted, a direct quantification of the DNA coupled 
to the SWCNT ends is, at the moment, still under investigation.  As 
the DNA wrapping protects the nanotube side-walls, leaving only 
the tube-ends available for further functionalization, this method 
provides a facile one-step strategy for the selective functionalization 
of SWCNT termini. 
The aforementioned A1 and A2 were then employed as the build-
ing blocks for the formation of DNA-linked SWCNT junctions. In 
particular, (1) and (2) can hybridize at neutral pH forming a partial 
DNA duplex (calculated Tm= 34 °C). In order to direct the assem-
bly of SWCNTs junctions, A1 and A2 were mixed in equal 
amounts at pH= 7 in a solution containing 2 mM 3-(N-
morpholino)propanesulfonic acid (MOPS) and 400 mM NaCl; 
this leads to junction formation via DNA hybridization that results 
in the duplex (1)/(2), Scheme 1. 
 
Scheme 1. SWCNTs junction formation  
 
 
To demonstrate and monitor the assembly of the SWCNT junc-
tions at pH= 7, dilute solutions were cast on mica and the sub-
strates were  imaged with AFM. We performed a statistical analysis 
of the average tube length; the average length of the SWCNTs 
junctions after one-hour incubation of A1 with A2 was found to be 
184 ± 97 nm (see Figure S3 for a representative AFM image and 
the related lengths distribution). In line with our previous SWCNT 
length analysis of junction formation,3,4 the increase in the 
SWCNTs average length from 131 ± 72 (Figure S1) to 184 ± 97 
nm (Figure S3)  indicates the formation of the junctions at pH= 7.   
Both (1) and (2) contain different domains: a domain that forms 
the DNA partial duplex (1)/(2), and a thymine-rich region. By 
mixing the so-formed junctions with a biotin-modified adenine-rich 
(3) DNA sequence, which is complementary to the thymine-
region, we could introduce biotin functionalities at the site of the 
junction formation. The presence of the biotin between the two 
SWCNT segments in the junctions was then exploited to label the 
junction site via the addition of streptavidin, that strongly and spe-
cifically interacts with biotin (for additional details on the biotin-
labelled junction in the presence of streptavidin, see Scheme S2). 
This allowed us to then unequivocally locate the site of the junction 
formation via AFM imaging, hence further demonstrating the suc-
cessful linking of A1 and A2. For this purpose, we drop-cast low-
coverage films of SWCNTs at pH= 7 on muscovite mica, then 
drop-cast a 500 nM streptavidin solution, and after washing off the 
streptavidin excess with distilled water, the substrate was imaged by 
AFM. Figure 1 shows a representative AFM image and respective 
height profiles of a streptavidin-labelled SWCNT junction, corre-
sponding to the expected nanotube and protein sizes: this confirms 
junction formation. It is worth mentioning that although at the 
junction point two biotin-labelled oligonucleotides are hybridized, 
it is assumed that only one streptavidin can bind to the site due to 
steric hindrance; this assumption is confirmed by AFM analysis of 
the junctions (see Figure S4). Although Figure 1 shows a straight 
junction, bent junctions are present in all our AFM images; this is 
clear from the AFM images presented in Figure S3 and in Figure 
S4. This is likely an effect of the physisorption of the SWNCT junc-
tions from solution to surfaces, as previously observed by us and 
others.3,19 
 
Figure 1. AFM characterization of the biotin-streptavidin labelled 
SWCNT junctions: a) representative topographical AFM image of 
a biotin-streptavidin labelled (1)/(2) DNA-SWCNT junction; b) 
AFM height analysis of the  streptavidin-labelled SWCNT junction 
shown in (a). 
At neutral pH, (1) is available for duplex formation and conse-
quently can hybridize with its complementary (2) forming nano-
tube junctions. Conversely, when the pH of the solution is acidic 
 (pH= 5), (1) forms an intercalated motif (i-motif structure),34,44,45 
leading to the disassembly of the  DNA-linked SWCNT junctions. 
This behaviour can then be exploited for the pH-controlled assem-
bly/disassembly of SWCNTs junctions.46  
To demonstrate and monitor the disassembly of the SWCNT junc-
tions as a function of pH, we cast acidic solutions (pH= 5) on mica 
and imaged the substrates with AFM.  The average length of the 
SWCNTs junctions after changing the pH of the solution from 7 to 
5 was found to decrease to 148 ± 80 nm (see Figure S5), suggesting 
the separation of the junctions upon reducing the pH from 7 to 5.  
To further prove the successful pH-controlled assem-
bly/disassembly of SWCNTs junctions, time-dependent fluores-
cence analysis of the nanostructures was performed. We mixed A1 
and A2 in equal amounts at pH= 7 in a solution containing 2 mM 
MOPS and 400 mM NaCl as previously described to form the junc-
tions, and added a quencher (Q)-modified DNA sequence (4), 
complementary to the thymine-domain, that binds at the junction 
site. We then added to this solution a Cyanine 3 (Cy3)-modified 
DNA (5), which is partially complementary to (2).  Scheme 2 
shows the pH-controlled mechanism of the SWCNT-DNA junc-
tion assembly/disassembly, in the presence of quencher and fluor-
ophore labels (4) and (5), respectively.  
At pH= 7, (5) is free in solution as (2) is not available due to the 
junction formation via a more stable (1)/(2) duplex structure; 
when the pH is decreased from 7 to 5, the disassembly of the junc-
tion frees (2) in A2, allowing it to hybridize with (5); this in turn 
results in the quenching of Cy3 due to its proximity to Q on the 
terminal ends of A2 (see Scheme 2). The sequences (4) and (5) 
were designed to position the Q and Cy3 functionalities at a specif-
ic separating distance. From geometric considerations of the DNA  
Scheme 2. pH-controlled system 
molecule, we calculated the distance separating Cy3 and the 
quencher in duplex structure (2)/(4)/(5) to be equal to 1.7  nm. 
This results in the efficient quenching of the fluorescence emission 
at pH= 7, while at pH= 5 the large separating distance between the 
Cy3 and the quencher in the single-strand (5) and duplex (2)/(4), 
results in the inefficient quenching of the fluorophore. We moni-
tored this change in fluorescence in real-time, by varying the pH 
from 7 to 5 in multiple cycles, and recording the fluorescence emis-
sion of Cy3, as shown in Figure 2. This allowed us to confirm the 
reversible pH-dependent assembly/disassembly of the DNA-
SWCNTs.47 Additionally, to confirm the selectivity of this pH sys-
tem, we assembled nanotube junctions employing a dsDNA, as a 
linker, which is not affected by changes in pH: Figure S6 shows 
how the average length of the junctions does not vary  from pH= 7 
to pH= 5. It should be noted that the incremental drift in the fluo-
rescence intensity is likely due to the slow aggregation and precipi-
tation of the SWCNTs; this results in a time-dependent propor-
tional decrease in optical density of the mixture, and increased 
collected emission from the fluorophore. Additionally, small devia-
tions are observed, due to the manual operation and by small vol-
ume additions of concentrated acid/base. 
  
Figure 2. Real-time fluorescence changes of the pH-controlled 
DNA-SWCNT junctions. The fluorescence emission of Cy3 is 
monitored while reversibly varying the pH between 7 and 5, in 
multiple cycles. While high fluorescence emission corresponds to 
the formed DNA-SWCNT junctions at pH=7 [where  
                                Scheme 3. Strand-displacement system 
 
Cy3-modified strand (5) is free in solution], low fluorescence 
emission corresponds to the separation of the DNA-SWCNT junc-
tions at pH=5 [where the Cy3-functionalized (5) is quenched by 
the quencher-modified strand (4)]. 
In order to explore the versatility of the approach developed here, 
we extended our studies by inducing the disassembly of SWCNT 
junctions with a different stimulus. A fuel DNA sequence (SD1), a 
DNA sequence that activates the disassembly process, was de-
signed to be capable of destabilizing the DNA duplex forming the 
SWCNT junction, via strand-displacement.31,48 Upon addition of 
the designed fuel DNA strand (SD1) to the DNA-linked SWCNT 
junctions solution at neutral pH, strand (2) is displaced from du-
plex (1)/(2) by strand (SD1), resulting in the new duplex 
(1)/(SD1) and free strand (2). AFM images of disassembled 
SWCNT junctions by strand-displacement were taken after the 
addition of (SD1) to the SWCNT junctions:  the disassembly was 
confirmed by statistical analysis of the average tube length, which 
was found to be 141 ± 79 nm (see Figure S7), in accordance with 
the results obtained for the disassembled junctions at acidic pH 
(148 ± 80 nm). To make this new system reversible, we introduced 
an anti-fuel DNA strand (SD2), a DNA sequence that re-activates 
the assembly process, which promotes the recovery of the assembly 
of A1 and A2 by a second strand-displacement event (Scheme 3). 
This was confirmed by time-dependent fluorescence measure-
ments.  
 Quencher-labelled A1 and A2 were mixed together at pH= 7 with 
(5); at neutral pH A1 and A2 form SWCNT junctions and the 
solution is characterized by a high fluorescence intensity due to the 
free Cy3-modified DNA (5) in solution. Upon addition of (SD1), 
the junction is separated and (5) binds to (2), resulting in the close 
proximity of Cy3 to Q and the low emission of fluorescence of Cy3. 
The following addition of (SD2) displaces (SD1) from the duplex 
(1)/(SD1), resulting in the new duplex (SD1)/(SD2), and the 
restoration of the original SWCNT junction via the duplex 
(1)/(2). The concomitant release in solution of the fluorophore-
modified strand (5) recovers the original high level fluorescence 
emission from Cy3 due to the large spatial separation from the 
quencher unit. Upon cyclic sequential addition in solution of 
(SD1) and (SD2) strands, the reversible assembly and disassembly 
of the SWCNT junctions is demonstrated by the low and high level 
of emission from Cy3-modified strand (5). While a high level of 
fluorescence characterizes the free fluorophore (formed junction), 
the close proximity of the fluorophore-quencher pair functionalities 
in the separated junctions is characterized by low fluorescence. 
Figure 3 shows the time-dependent fluorescence changes of the 
strand-displacement controlled SWCNT junction assem-
bly/disassembly system, in the presence of quencher and fluoro-
phore labels (4) and (5). To prove that the quenching effect of the 
carbon nanotubes on the fluorophores is not significant, in both the 
pH-responsive and strand-displacement systems, we performed the 
same experiments in the absence of SWCNTs (see Figure S8 and 
Figure S9).   
 
 
Figure 3. Real-time fluorescence changes of the strand-
displacement controlled DNA-SWCNT junctions in the presence 
of quencher-modified oligonucleotide (4) and Cy3-modified 
strand (5). Addition of (SD1) and (SD2) strands, in multiple cy-
cles, results in the separation and recovery of the junction assembly, 
respectively.  High fluorescence emission corresponds to the free 
Cy3-modified strand (5) in solution; while low fluorescence emis-
sion corresponds to the quenching of Cy3-(5) upon separation of 
the DNA-SWCNT junctions.  
In summary, we have presented a strategy for the controlled and 
reversible assembly of end-to-end SWCNT junctions under differ-
ent stimuli. This was achieved by exploiting the molecular recogni-
tion of DNA complementary sequences, employed here as linkers. 
SWCNTs were covalently end-functionalized with azido-modified 
ssDNA in a one-pot reaction, under UV light. SWCNTs assembly 
was driven by the hybridization between complementary DNA 
strands at the nanotubes termini at neutral pH. Employing in the 
junction site a C-rich domain, the reversible assembly/disassembly 
of SWCNT junctions was controlled varying the pH; this was con-
firmed by both AFM imaging and real-time fluorescence investiga-
tions. Additionally, we designed the system for the controlled and 
reversible assembly/disassembly of SWCNT junctions via strand-
displacement. This further demonstrates the versatility of the ap-
proach presented here, for the dynamic tuning of SWCNT junction 
formation via different stimuli. The strategy presented in this report 
is of interest for the fabrication of solution-processable and stimuli-
responsive CNT-based systems, also of higher complexity. This 
holds great potential for the development of optoelectronic devices 
employing G-rich DNAs as active components, and sensing plat-
forms via the use of oligonucleotide aptamer sequences, where the 
CNTs can be employed as switchable nanoelectrodes.16,36,49,50  
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